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Abstract 
Reaming of the intramedullary cavity is a common operative procedure fov 
intramedullary fixation. This technique can enhance the stability of the intramedullary 
fixation and shorten the disability time of patients. However, reamed intramedullary 
nailing for the long bone fracture is a controversial issue regarding pulmonary fat 
embolism. When the fat embolism syndrome occurs in post-traumatized patients, the 
mortality rate is very high. Although it is well known that reaming increases the 
intramedullary pressure, the relationship between the rise of the intramedullary 
pressure and the severity of the pulmonary fat embolisation remains unclear. The 
origin of the fat emboli is not fully understood yet. In this study, the reaming effect on 
the intramedullary pressure and the pulmonary fat embolisation were investigated 
using goats as an animal model. The intramedullary pressure increased significantly 
during the first reaming procedure. The peak pressures were recorded from 333 mm 
Hg to 817 mm Hg with an average 532 mm Hg. Pulmonary fat emboli were found in 
all reamed goats. The presence of fat emboli in the lung correlates to the change of 
intramedullary pressure (r^ = 0.75). From the analysis of lipids using gas 
chromatography, triglycerides were the most abundant lipid in bone marrow (92 %). 
Triglycerides increased 350 % in the pulmonary tissue after reaming (p < 0.05). The 
major fatty acid in pulmonary triglycerides was changed from palmitic acid [16:0] to 
oleic acid [18:1 (n-9)] after the reaming procedures. The increments of the fatty acids 
in pulmonary triglycerides were: oleic acid [18:1 (n-9)] (0.16 mg/g, p < 0.05)), stearic 
acid [18:0] (0.10 mg/g, p < 0.05)，and palmitic acid [16:0] (0.08 mg/g, p = 0.055). 
These results were proportionally similar to the marrow triglycerides. In conclusion, 
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this study supports that the pulmonary emboli are derived from the bone marrow 
lipids. The results also support our hypothesis that the higher intramedullary pressures 
will generate more pulmonary fat emboli. The details of the lipid composition and 
their fatty acid components can give us insight into the research of the pathogenesis cf 
pulmonary fat embolisation. The establishment of an animal model can help us to 
evaluate surgical instrumentation and operative procedures. It may eventually lead us 
to prevent pulmonary fat embolism. 
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Chapter 1. Introduction 
1.1 Intramedullary nailing 
Diaphyseal fractures of the long bone are the commonest fractures encountered in 
orthopaedic trauma. Treatment methods include closed reduction and casting, skeletal 
traction, external fixation, and internal fixation. Internal fixation is the preferred 
treatment method because ofbetter fragment alignment and stabilization, earlier retum 
of jo in t function and mobility, and a shorter duration of disability. 
Internal fixation is mainly achieved by plate fixation and intramedullary nailing. 
Comparing clinical results from plate fixation and intramedullary naili,ig, 
intramedullary nailing is a load-sharing device proving better stability of fractures 
with lower levels of infection rate (0.5 %) and nonunion rate (0.8 %) than that of 
infection rate (6 %) and nonunion rate (14 %) in the plate fixation (Ruedi and 
Luscher, 1979; Winguist and Hanson, 1980; Brien et aL, 1991). For implant 
complications, the breakage of intramedullary nails is uncommon when compared to 
plating (Grontvedt And Wilhelmsen, 1977; Muller et al., 1979; Ruedi and Luscher, 
1979). Therefore, intramedullary nailing is recommended as the treatment of choice 
for long bone shaft fractures (Taylor, 1992; Ingman, 1994). 
The early documentation of intramedullary fixation can be found in the literature 
(Peltier, 1990). In 1893，Bircher used a short ivory peg in the medullary canal to fix a 
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fracture. Until 1912，Hey-Groves used metal nails to treat fracture patients instead of 
ivory pegs. He then improved intramedullary fixation by opening the fracture site and 
retrograde nail insertion. During World War II，Kuntscher adopted the idea o f h i p . 
nailing for the fixation of intracapsular hip fracture through a small incision and ,he 
fracture site was not opened, he used an intramedullary nail to fix a fracture from a 
small incision far from the fracture without opening the fracture site in 1940. This is 
Kuntscher's concept of closed intramedullary fixation. This method preserves the 
periosteum and soft tissue, fracture healing is not interfered. This method also reduces 
the risk of infection, reduces blood loss, enables early patient mobilization and 
reduces the overall morbidity. 
In Kuntscher's original design, he used a cloverleaf nail to achieve fixation in the 
isthmus through the elastic expansion of the nail. However, this technique is confm :d 
to a well matched nail and medullary canal. When using a large nail，the operation is 
made difficult because the isthmus impedes the insertion of the nail and results in 
either jamming of the nail or iatrogenic fracture. A small nail makes the insertion 
easy, but the stiffness of the nail is decreased resulting in nail bending，breakage and 
migration postoperatively (Watson-Jones, 1950). On the other hand, the contact area 
between the nail and medullary canal is decreased. It cannot provide a snug-fitting 
between the nail and medullary canal and thus cannot control the rotational deformity 
of the fracture site. In order to avoid these problems, he proposed reaming of the 
intramedullary cavity. Reaming increases the inner diameter of the medullary canal by 
removing the inner cortical bone, therefore, a larger diameter nail can be used and 
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provides better stability by increasing the interference as well as increasing the 
mechanical properties of the nail. 
1.2 Reaming technique for intramedullary nailing 
Reaming of the intramedullary canal enlarges the medullary canal by removing the 
inner cortical bone. It can facilitate the insertion of the nail by creating a surgical 
passage and provides better stability by using a larger nail. A larger nail is generally 
stronger and less likely to fatigue than a smaller nail. Mechanically, increasing the 
diameter of the nail can exponentially increase the moment of inertia, therefore, the 
flexural rigidity of the nail is greatly increased. Reaming can provide a better fitting 
by increasing the contact area between the nail and medullary canal. It is very 
important in non-interlocking nail fixation because a more snug-fitting matched naii 
can be used in the reamed medullary canal. Reaming can produce bone debris wh'.ch 
acts as autogenous bone grafting at the fracture site and will facilitate fracture healing, 
particularly in delayed union and nonunion cases (Templement et al., 1995). Reaming 
is allowed to remove less than 4 mm of the cortical bone of the isthmus or less than 
half the thickness of the cortex (Azer and Rankin, 1994). Unreamed nails are usually 
simpler to use, but the smaller nail provides a weaker fixation and with a higher rate 
of 17.2 % implant complications comparing to that of 6.2 % in reamed nails 
(Weckbach, 1994). Therefore, a larger nail is recommended to reduce the 
complications (Buckholz, 1987). However, reaming can cause several adverse effects 
in the medullary canal including disturbance of intramedullary circulation, producti jn 
ofheat and increased intramedullary pressure. 
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Reaming removes the marrow content, endosteum and inner cortical bone and 
destroys the medullary blood vessels. This surgical intervention alters the blood flow 
from centrifugal to centripetal, resulting in an initial decreased blood flow in thi 
remaining cortex and may lead to cortical bone necrosis. However, the blood supjly 
to the fracture healing is principally from the periosteum and extraosseous tissues 
during the early period. Under a stable fixation of the fractures, the cortical 
revascularization occurs at 12 weeks after reaming and the blood vessels re-establish 
with the connection between the medullary, cortical and the periosteal circulation . 
(Triffitt et al., 1993; Schemitsch et al., 1994). As the blood supply o f t h e cortex 
depends on an intact periosteal circulation, the blood supply from the surrounding soft 
tissue will certainly enhance the bone healing process. The perfusion of callus and 
early strength of union after reaming were therefore not affected compared with 
unreamed nailing (Schemitsch et al, 1995). It may explain the good results with t‘ie 
stable fixation of reamed intramedullary nailing. Comparing reamed and unreamed 
methods in a series of experiments of canine tibial fractures (Cole, 1994)，there was 
initially a decrease of blood flow in the inner cortex of the reamed bone. However, 
revascularization occurred in the reamed osteotomy site 3 days after surgery. By 6 
days post-oeteotomy, new periosteal vessels were penetrating the cortex. By 9 days 
post-osteotomy, these periosteal vessels penetrated the endosteal cortex and 
neovascularization occurred completely across the cortex. By 12 days post-osteotomy, 
abundant periosteal vessels had penetrated completely through the cortex to the 
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endosteal surface, therefore the blood flow of the inner cortex in reamed bone was 
greater then the unreamed bone at this time. 
The local cortical temperature is increased by the friction when the reamer passes 
down a tight medullary canal at speed. The rise of cortical temperature is considered 
to be detrimental to fracture healing as the enzymes involved in fracture healing are 
damaged by the heat generated. In animal experiments, the temperature was increased 
by 3 � 4 °C while reaming rabbit tibias (Danckwardt-Lilliestrom, 1969) and a higher 
temperature was recorded up to 5 0 � C in sheep tibias (Sturmer and Schuchardt, 1979). 
Reaming too rapidly or with careless technique can cause large elevations of 
temperature. High temperature is detrimental to cortical viability and contributes to 
thermal necrosis of bone (Povacz, 1979; Muller et al., 1993). However, this 
unexpected effect is largely dependent on the surgeon's reaming technique and the 
design of the reamer. The generation of the temperatures is therefore reduced by using 
a sharp cutting head with deep flutes instead of a blunt reamer (Muller et aL, 1993). 
The other adverse effect is the elevation of intramedullary pressure. When the reamer 
drives into the medullary canal, the action is like a piston pushing into a cylinder. Its 
effect increases the intramedullary pressure. A pressure of 300 mmHg was recorded in 
rabbit tibias (Danckwardt-Lilliestrom, 1969), and of 753 mmHg in sheep femur 
(Wozasek et al., 1994). Mechanically, the rise of the pressure is determined by the 
pushing force of the reamer, the distance between the reamer head and the cortex, and 
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the viscosity of the medullary content. In clinical practice, a larger reamer shaft, blunt 
reamer head and long intact intramedullary canal contributes to the increase of the 
intramedullary pressure. The high pressure can cause a local effect of dispersing the 
medullary content and bone debris into the Haversion canals and the Volkmann canals 
and block the circulation of the cortex (Daiickwardt-Lilliestrom et al., 1970). This 
damaging effect can explain the cortical necrosis after reaming. The increase o f t h i 
intramedullary pressure also extrudes the marrow content into the systemic circulat'on 
through damaged blood vessels. Marrow contents were found in the femoral vein 
during reaming (Manning et al., 1983), and were also detected inside the right atrium 
during and after reaming by the trans-oesophageal echocardiography (Pell et al., 
1993). When massive occlusion of pulmonary circulation occurs, it decreases the 
diffusion of oxygen and causes the development of post-traumatic adult respiratory 
distress syndrome (ARDS). However, not all patients develop ARDS after 
intramedullary fixation (Pape et al., 1996). The exact roll of the intravasated bone 
marrow in the pathogenesis is still not fully understood. 
Concerning the adverse effects of reaming technique, nailing with or without reaming 
is controversial. In order to minimize the adverse effects, some surgeons still prefer 
nailing without reaming in most cases (Arens, 1977) or minimal reaming (Aginsky 
and Reis, 1980). However, a randomized clinical study comparing treatment with 
reamed and unreamed intramedullary nailing showed that the reamed nailing 
prevailed unreamed nailing with a significantly lower time to union and reduced the 
requirement for a further operation (Court-Brown et aL, 1996). On the other hand, 
although a smaller intramedullary nail is available for unreamed applications, the 
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smaller diameter unreamed nail is mechanically weaker than the larger diameter 
reamed nail with a consequent higher rate of nail breakage. When the nail breaks 
inside the intramedullary canal, it is difficult to remove the distal part of the nail 
(Kelley et al., 1995). Furthermore, the debris of the reaming products extruded at the 
fracture site acts as a bone graft which can ossify to form a callus (Kessler et al.， 
1986). The reaming technique is therefore used to promote union when the slow 
consolidation occurs after initial treatment with an unreamed nail (Templeman et al., 
1995) and is routinely used to treat the delayed unions and pseudarthroses (Laurent 
and Langenskiold, 1967; Christensen, 1973; Ranieri and Olmi, 1976; Clancey et al., 
1982). 
As with any surgical procedure, the potential risks and benefits of reamed versus 
unreamed nailing must be weighed prior to their widespread acceptance or rejection. 
Recognition of the potentially harmful effects of reamed nailing does not mean the 
unreamed nailing is a preferential treatment of long bone fractures. The decision to 
ream or not to ream the intramedullary canal must be based on a number of 
considerations, including the infection risk, functional demands of the patie.it， 
revascularization potential, bone quality and fracture pattern. Use of good reaming 
techniques may also decrease the incidence of the complications. Therefore, a reamed 
nailing is still practiced currently (Ingman, 1994 ). 
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1.3 The relationship between pulmonary fat embolism and reaming 
technique 
Since Zenker first reported pulmonary fat droplets in a patient who died shortly after 
severe trauma in 1862, there were extensive studies on the pulmonary fat embolism. 
The incidence of fat embolism syndrome varied from 3.4 % (Peltier, 1969) to 29 % 
(Lindeque et aL, 1987), depending on the criteria of diagnosis. The typical clinical 
presentation of fat embolism syndrome is a petechial rash, respiratory distress a，id 
cerebral dysfunction. The mortality rate from fat embolism is around 2.5 % (Chan et 
al., 1984). 
There were many hypotheses for the pathogenesis of fat embolism syndrome. In the 
early understanding, the pathogenesis of fat embolism was based on the marrow fat 
mechanically obstructing the pulmonary capillaries. However, there was not much 
correlation between the presence and amount of intravascular fat and the severity of 
clinical manifestations in postmortem examinations (Scully, 1959), therefore, the 
pathogenesis of fat embolism syndrome is more than just simple mechanical 
obstruction. Apart from the mechanical obstruction，it was described that the 
autonomic nervous system plays a role in an acute rise of pulmonary artery pressure 
when the emboli enter into the lung (Weidner and Light, 1958). Another hypothesis 
was that once the neutral fat emboli are trapped in the lung microvasculature, the lung 
responds secreting lipase to hydrolyze the nontoxic neutral fat into free fatty acids 
which are toxic to the lung parenchyma (Baker et al, 1971). The inflammatory 
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reaction causes complement-mediated leukocyte aggregation which releases 
chemotoxins and causes endothelial damage, alveolar architecture injury, increased 
capillary permeability, and damaged lung surfactant (Tate and Repine, 1983). The 
hypothesis also involved the immune systems, with the activation ofimmune response 
systems playing a role in the development of fat embolism syndrome (Pape et al., 
1994). Nevertheless, in clinical practice, lung contusion and shock are predisposing 
factors for the ventilation failure. These patients are prone to develop fat embolism 
syndrome (Pape et aL, 1996). 
Despite many hypotheses on the fat embolism syndrome, it is generally agreed that 
the source of fat emboli is from the bone marrow of long bones at the site o f the injury 
(Johnson and Lucas, 1996). Initially the effect of pulmonary emboli is mechanical 
occlusion of pulmonary circulation which increases the perfusion pressure. If severe 
enough, this can lead to right heart strain or failure (Peltier, 1988). Following the 
application of intramedullary fixation of long bone fracture, fat embolism related to 
this technique were reported using trans-oesophageal echocardiography. The emboli 
showers were detected during and after reaming and nailing procedure (Pell et al., 
1993). However, not all the patients developed fat embolism syndrome. Thi'i 
phenomenon shows the pulmonary tissue usually appears to be able to accommodite 
the potential damage. 
Pulmonary complications can occur in traumatized patients especially with thoracic 
trauma. However, the exact role of intravasated marrow contents is not fully 
understood and the relationship between intramedullary pressure and pulmonary fat 
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embolism is not established yet. Clinically, acute intraoperative complications were 
attributed to cardiac failure rather than pulmonary failure because these are old a):;e 
patients and thus are prone to develop cardiovascular failure (Pape et al.，1996). When 
intramedullary nailing was performed within 24 hours in patients with thoracic 
trauma, pulmonary complications occurred more frequently than in those patients 
operated secondarily. In contrast, those patients without thoracic trauma had a low 
incidence of pulmonary complications regardless of the time of surgery (Pape et al.， 
1993). In patients without thoracic injury, early stabilization of long bone fractures 
was associated with a lower risk of pulmonary complications (Johnson et al, 1985; 
Lhowe and Hansen, 1988; Behrman et al, 1990; Bone et al, 1989). 
Some surgeons are still concerned about potential impairment of pulmonary funet'on 
and prefer not to use intramedullary fixation if there is significant lung damage in the 
multiply injured patient. However, on an open-chested sheep model used to study the 
effects of reamed intramedullary nailing on pulmonary physiology; reamed 
intramedullary nailing was not detrimental to the animal (Wolinsky et al., 1994). 
Comparing reamed and unreamed nailing in another sheep model, reamed 
intramedullary nailing caused more fat embolization than the unreamed group, but 
there was no difference in the change of pulmonary arterial pressure even in the 
presence of blunt thoracic trauma (Wozasek et al., 1994). These results confused the 
issue ofpulmonary complications after intramullary reaming and nailing. 
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1.4 Objectives 
Fat droplets could be demonstrated in the pulmonary vasculature in nearly all patieuts 
with a fracture of a long bone (Gossling et al., 1970). However, not all patients 
develop fat embolism syndrome after intramedullary reaming (Pape et al., 1996). In 
clinical studies, primary operative stabilization may avoid the severe pulmonary 
complications as apposed to delayed intervention (Bone et al., 1989; Goris et al., 
1982). The pulmonary complication was thought to be associated with an increase in 
intramedullary pressure, but the relationship between the increase of intramedullary 
pressure and the severity of pulmonary fat embolisation was not fully investigated. In 
order to estimate the severity of pulmonary complications by measuring the 
intramedullary pressure, we postulated that higher intramedullary pressure wouM 
generate more fat emboli. If so, the pressure would be a good indicator to monitor lhis 
phenomenon during surgery and to prevent the fat embolism development after the 
operation. In order to clarify the role of intravasated marrow fat from reaming the 
intramedullary canal, and to investigate the relationship between the rise of 
intramedullary pressure and severity of pulmonary fat embolisation, we need to 
investigate the effect of reaming technique on the intramedullary pressure and 
compositions of the marrow fat, plasma lipids and pulmonary lipids, to investigate the 
changes of the plasma lipids and pulmonary lipids, and compare their changes to the 
compositions of marrow fat, and also to investigate the relationship between th;j 
changes of intramedullary pressures and pulmonary fat embolisation. 
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Chapter 2. Methodology 
2.1 The measurement of the intramedullary pressure 
2.1.1 Animal model 
Fifteen adult Chinese mountain goats were used in this study (Figure 2.1). Their body 
weight ranged from 22 - 38 kg with an average 28 kg. All animals were penned in the 
animal house in the university campus 4 weeks before operation and fed with luceme 
chaff for one week and gradually changed to a commercial mminant diet (Rumilab® 
Diet, produced by PMI feeds, Inc., USA). The animal care was under the supervision 
o f the qualified veterinarian. 
2.1.2 Intramedullary pressure measurement device 
The IM Press device is an intramedullary pressure measurement device consisting o f a 
main device and a membranous sensor. The main device contains an amplifier and an 
analogue to digital conversion which can display the value of the pressure. The sensor 
is a membrane strain gauge which detects the intramedullary pressure and inputs the 
signal to the amplifier. After the analogue signal was converted to a digital signal，the 
data is transferred to a laptop computer and recorded using the software, Forcemed 
(version 3.2). The device can measure the intramedullary pressure ranging from -
1,000 to 3,000 mm Hg. The data recorded into the computer can be retrieved for 
analysis (Figure 2.2). 
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Figure 2.1 The Chinese mountain goats 
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Figure 2.2 The IM Press device for the measurement of intramedullary pressure 
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The device was calibrated regularly by using a manometer. The results showed that 
the IM Press is a reliable instrument for pressure measurement and with a high 
correlation between the device and manometer (Appendix 2). 
2.1.3 Operative procedure 
The goat was fasted over night before the induction of anesthesia. After the induction 
using the inhalation of Halothane, the goat was placed in left lateral recumbency on 
the operating table with surgical side uppermost. The goat was intubated and general 
anesthesia was maintained by using the mixture of 2 % Halothane, Nitrous Oxide (1 
L/min.) and Oxygen (2 L/min.). A nasogastric tube was inserted through the nostril to 
drain the excessive fluid and gas from the stomach. A Drum-Cartridge catheter was 
inserted into the inferior vena cava via the right jugular vein for central venous blood 
sampling during the reaming procedures (Figure 2.3). 
After shaving and skin preparation, a 2 cm longitudinal skin incision was made o/er 
the lateral supracondyle region. Dissecting and retracting the fascia lata, lateral vastus 
muscle and periosteum, the lateral supracondylar part of femur was exposed. A hole 
of 5 mm diameter was drilled through the lateral cortex and was then tapped with a 
6.28 mm tap. The membranous sensor was then inserted into the medullary cavity for 
the measurement of the intramedullary pressure (Figure 2.4). 
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Figure 2.3 The blood sampling via a Drum-Cartridge catheter 
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Figure 2.4 The pressure sensor was inserted into the distal femur 
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Another 5 cm of skin incision was made over the greater trochanter region. After 
dissecting and retracting the fascia, the tip of the greater trochanter was exposed. An 
entry hole to the intramedullary canal was opened at the tip of the greater trochanter 
by using a sharp diamond pointed awl (Figure 2.5). A guide wire was then inserted 
into the canal and passed drown to the supracondylar part of the femur for conducting 
the reamer insertion (Figure 2.6). Serial flexible reamers (Howmedica) were used in 
reaming at a constant 0.5 cm/sec of axial advancement and 800 rpm of the reamer 
speed (Figure 2.7). 
2.1.4 Intramedullary pressure measurement 
After the installation of the pressure sensor in the distal part of the medullary canal, 
the cable of the sensor was connected to the main device and the output cable of the 
device was connected to a laptop computer. Switching on the main device, the sensor 
signal was adjusted to 1000 on the display as the baseline of the intramedullary 
pressure (Appendix 1.). The sampling rate was selected at 10/second and the 
measurement duration lasted for 1 minute. The measurement was started 5 - 10 
seconds before each reaming procedure and lasted after the procedure stopped, 
therefore, the measurement covered the entire length of the procedure. During the 
measurement, the value of the intramedullary pressure was observed on the computer 
screen which indicated the peak value of intramedullary pressure. 
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Figure 2.6 Insertion of the reamer guide wire 
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Figure 2.7 Reaming ofthe intramedullary canal 
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2.2 The measurement of the plasma lipids and marrow lipids 
2.2.1 Sample collection 
For each goat, 4 blood samples, each of 5 ml, were collected from the central venous 
catheter before the skin incision for the base value of plasma lipids. The other four 5 
ml blood samples were collected continuously at 10, 20, 30 and 40 seconds after the 
each peak IMP appeared for the determination of the change of the plasma lipids. 
During the reaming procedures, the bone marrow fat was collected from the expulsion 
of the marrow content to analyze the composition of the marrow lipids. Both blood 
and marrow fat samples were transferred to the corresponding heparinized tube for 
later processing. 
2.2.2 Lipid extraction 
After the centrifugation at 2,500 rpm, for 10 minutes, 3 ml of plasma was taken out 
from each blood sample and transferred to a corresponding 50 ml conical tube. For the 
bone marrow, 20 mg of the marrow content was weighed and transferred to a 50 ml 
conical tube. Then 0.4 mg of L-a-phosphatidylcholine diheptadecanoyl (C17:0), 0.08 
mg of heptadecanoate (C17:0) and 0.2 mg of triheptadecanoin (C17:0) were addf.d 
into each conical tube serving as internal standards to quantify the composition of 
phospholipids (PL), free fatty acid (FFA) and triglycerides (TG) respectively. The 
total lipids were extracted using 15 ml of chloroform/methanol (2:1 vol./vol.) and 2 
19 
ml of saline. The bone marrow sample was homogenized using a Polytron PT 3000 
(MISTRAL 2000 USA) at 15,000 rpm for 1 minute (Figure 2.8), until the marrow 
contents were thoroughly mixed with the solvent. All the samples were vortexed an'i 
then centrifuged at 2,500 rpm for 5 minutes. After the centrifligation, the up;jer 
aqueous layer was discarded and the lower organic layer containing the extracted 
lipids was saved (Figure 2.9). 
2.2.3 Thin layer chromatography 
The solvent was evaporated under a gentle stream of nitrogen using an analytical 
evaporator Q>^-EVA? Model No. 111 USA) (Figure 2.10). 200 i^l of chloroform was 
then added to dissolve the extracted lipids. The resulting whole mixture was placed jn 
a pre-coated TLC plate using a 100 ^1 micropipette (Figure 2.11). About 5 jil of 
Canola oil was spotted on the side of the TLC plate for the indication of the 
triglyceride band. The plates were then developed in a solvent system of 
hexane/diethylther/acetic acid (80:20:1) for about 45 minutes until the solvent front 
reached 1 cm from the top of the plate (Figure 2.12). After drying at room temperature 
and spraying a fluorescent dye of dichlorofluorescein, the plates were examined using 
a fluorescence analysis cabinet (Model CM-10 USA). The subclasses of lipids were 
fractionated in a sequence of phospholipids, cholesterol, free fatty acids, triglycerides 
and cholesteryl esters. The bands of the phospholipids, free fatty acids ard 
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Figure 2.9 The lipids were extracted in the lower organic layer 
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Figure 2.13 The separation oflipids on TLC plate 
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2.2.4 Methylation 
The total phospholipids, free fatty acids and triglycerides were converted to their 
corresponding fatty acid methyl esters using 2 ml of 14 % boron trifluoride in 
methanol and 1 ml of toluene (2:1, vol/vol) under nitrogen at 90°C for 45 minutes 
(Figure 2.14). After cooling down the tube at room temperature, 5 ml ofhexane and 2 
ml of distilled water was added into the tube. The samples were then vortexed a n i 
centrifuged at 1,500 rpm for 5 minutes. The top hexane layer was taken out iJid 
transferred into a corresponding culture tube. 
2.2.5 Gas chromatographic analysis 
After drying the samples with nitrogen using the Analytical Evaporator, 100^1 of 
hexane was added into the culture tubes. In case of the bone marrow triglycerides 
samples, 200 ^1 of hexane was added instead. Each sample was then transferred and 
sealed into a GC vial with lOO i^l insert (Figure 2.15). All the GC samples wf.re 
analyzed on a gas-liquid chromatograph (Hewlett Packard 5890 Series II，USA) 
equipped with a flame ionization detector and a SP 2560 capillary column (Figure 
2.16). 
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2.3 The measurement of the pulmonary lipids and fat emboli 
2.3.1 Pulmonary tissue collection 
After the reaming procedures, an over dose of pentobarbital (50 mg/kg) was injected 
into the Drum-Cartridge catheter for the euthanasia of the goats. The right middle lobe 
of lung was then excised after thoracotomy for the investigation of the pulmonary 
response (Figure 2.17). The excised tissue was transferred to a buffered formalin 
fixative solution for storage. 
2.3.2 Preparation for the measurement of pulmonary lipids 
Pulmonary tissues were excised in a weight of 500 mg, which were homogenized 
with internal standards 1 mg of L-a-phosphatidylcholine diheptadecanoyl (C17:0), 
0.08 mg of heptadecanoate (C17:0) and 0.1 mg of triheptadecanoin (C17:0) for the 
measurement ofpulmonary lipids. The procedures for the preparation of samples were 
as same as description in the section 2.2. 
2.3.3 Fat emboli staining 
Four tissue blocks of size 0.5 X 0.5 X 0.3 cm^ were randomly cut from the formalized 
right middle lobe of lung (Figure 2.18), and then stained in 1 % osmium tetroxide for 
4 hours. After washing the osmified pulmonary tissues with distilled water for 2 
2 7 
hours，the samples were sectioned into 8 卿 thickness using the cryostat technique 
Each section of tissue was placed on a glass slide for later examination. 
2.3.4 Image analysis 
The slides of the pulmonary sections were examined by using the Leica Q 500 MC 
Image Analysis System with a X 10 objective lens (Figure 2.19). The fat emboli were 
presented as uniformly dense black, rounded globules (Figure 2.20). The 
examinations were carried out using the total area of the fat emboli and the total area 
o f the tissue sample from the whole section. The total area of the tissue was calculated 
from that the total area of the section, excluding the area of the alveolar sacs and the 
area of the fat emboli. The concentrations of the fat emboli in the pulmonary tissue 
were calculated for the assessment of the pulmonary response after the intramedullary 
reaming. The equation is the following: 
The total area of the fat emboli 
Fat embolic concentration (lung) = 





Figure 2.17 The pulmonary tissue sampling 
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Figure 2.19 The image analysis system 
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Figure 2.20 The presence of fat emboli in pulmonary tissue 
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2.4 Statistical analysis 
The statistical analyses were carried out by computing the average and standard 
deviation to measure the variables. The scatter plot and linear regression were used fo 
calculate the relationship between the ordinal variables. The student's t-test was 
employed for the statistical tests and the difference was considered to be statistically 
significant when the p < 0.05. 
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Chapter 3, Results 
3.1 Intramedullary pressure measurement 
The intramedullary pressures were measured from 12 goats during the opening and 
reaming of the femoral medullary canal. For easy calculation, the base values of the 
intramedullary pressure were set as zero mmHg before the recording of the 
intramedullary pressure. The first reaming generated the highest pressure ranging 
from 817 mm Hg to 333 mm Hg with average 531.5 mm Hg (Table 3.1). This eff 'xt 
decreased in the subsequent reaming procedures (Figure 3.1). The typical pattem of 
the intramedullary pressure consisted of two phases, the positive phase and negative 
phase (Figure 3.2). A positive pressure was generated when the reamer head was 
advancing in the medullary canal and a negative pressure was created when the 
reamer head was withdrawing from the canal. 
Table 3.1 The measurement of the intramedullary pressure 
Intramedullary pressure (mm Hg) 
Pre-operative 0.00 
Awl insertion 238.70 ±238.17 
Guide rod insertion 315.42 ±211.60 
\ 
Reaming - 1 531.50 i l93.50 
Reaming - 2 270.75 ±113.36 
Reaming - 3 239.00+124.48 
Reaming - 4 212.40±121.41 
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Figure 3.1 The change of intramedullary pressure during reaming procedure. 
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Figure 3.2 The typical pattern of the intramedullary pressure during reaming. 
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3.2 The analysis of bone marrow lipids 
Twelve bone marrow samples were analyzed using gas-liquid chromatography to 
examine the normal composition of major lipids. Triglycerides are the major lipid of 
the bone marrow and represent 373.9 mg/g of marrow content (Table 3.2). The other 
lipids such as phospholipids and free fatty acids only have 22.5 mg/g and 8.8 mg/g 
respectively (Figure 3.3). The relative proportions of the phospholipids, free fatty 
acids and triglycerides are 6 %, 2 % and 92 % (Figure 3.4) of the marrow lipid content 
respectively. 
Table 3.2 The compositions of marrow contents 
Concentration (mg/g) Relative proportion (%) 
Phospholipids 22.5 ±23.3 6 
Free fatty acids 8.8士3.6 2 
Triglycerides 373 .9 i l21 .9 92 
Others (water, minerals, cells, etc.) 594.8 土142.8 
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Figure 3.4 The relative proportion of marrow lipids 
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The fatty acid composition of the marrow phospholipids, free fatty acids a rd 
triglycerides was shown in Table 3.3. The major fatty acids identified include palmitic 
acid (16:0)，palmitoleic acid (16:1 n-9), palmitoleic acid (16:1 n-7), stearic acid 
(18:0), elaidic acid (18:1 trans), oleic acid (18:1 n-9), linoleic acid (18:2 n-6) and a -
linolenic acid (18:3 n-3) (Figure 3.5; 3.6; 3.7). 
Table 3.3 The composition of the marrow phospholipids, free fatty acids and 
triglycerides 
Phospholipids Free fatty acids Triglycerides 
(mg/g) (mg/g) (mg/g) 
1 6 : 0 4 . 5 5 ± 4 . 5 2 2 . 6 5 ± 1 . 2 2 7 7 . 6 7 ± 1 7 . 3 9 
1 6 : 1 ( n - 9 ) 0 . 1 8 ± 0 . 1 6 0 . 0 3 ± 0 . 0 1 2 . 0 3土 1 . 1 0 
1 6 : 1 (n-7) 0.41 ±0.39 0.09 ± 0 . 0 4 7 . 5 2 ± 3 . 9 3 
1 7 : 1 0 . 2 5 ± 0 . 2 6 0 . 9 1 ± 1 . 8 7 3 . 5 7 ± 1 . 1 8 
1 8 : 0 5 . 7 9土 5 . 2 2 3 . 7 9士 2 . 3 2 8 1 . 3 0 + 2 6 . 6 5 
18:1 (trans) 0.80 士0.79 0.28 土0.25 11.58 ±4.75 
1 8 : 1 ( n - 9 ) 9 . 3 0土 1 1 . 0 8 1 . 3 7 ± 0 . 8 1 1 8 0 . 3 3 土 7 9 . 2 1 
18:2 (n-6) 0 . 9 0士 1 . 0 0 0.19±0.11 11.09±6.57 
18:3 (n-3) 0.21 ±0.14 2.79 ±1.04 
20:3 (n-9) 
20:3 (n-6) 
20:4 (n-6) 0.21 ±0.08 0.08 ±0.08 0.29 ±0.21 
20:5 (n-3) 
2 4 : 0 0 . 0 8 ± 0 . 0 4 
24:1 (n-7) 0.09±0.04 
22:4 (n-6) 
22:5 (n-6) 
22:5 (n-3) 0.17士0.06 
22:6 (n-3) 0.43 土0.40 
Total 22.47 ±23.26 8.80±3.64 373.90士121.88 
Notes: 1. The values are expressed as mg per g of marrow content. 
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3.3 The changes of the plasma lipids during reaming 
Twelve blood samples were analyzed using gas-liquid chromatography. The data were 
normalized in percentage in order to show the increment o f the lipid components. The 
pre-operative values were set as 100 which served as the reference of the base values. 
The total amount of phospholipids increased slightly after the reaming procedures. 
The total amount of free fatty acids increased markedly with statistic significance. 
However, the total amount of triglycerides decreased after the reaming procedures 
(Table 3.4 and Figure 3.8). 
Table 3.4 The changes in plasma lipids during reaming procedures 
Phospholipids Free fatty acids Triglycerides 
W W (o/o) 
Preop. 100.000.00 100.00 100.00 
Awl 99.42士16.16 144.11 ±53.08^ 129.70±75.08 
Guide 107.45±14.88 148.85 ±65.17* 117.89士76.70 
Reaming - 1 116.73士19.82# 168.48±72.17# 107.60 ±72.77 
Reaming - 2 108.42士16.93 205.13 ±127.25* 100.69 ±81.63 
Reaming - 3 102.53 ±14.02 188.42 ±138.03* 87.47±51.50 
Reaming - 4 101.84 士17.05 197.59 ±161.47* 84.03 ±48.63 
The highlighted values have statistical significance which value versus the pre-
# 
operational value ( represents p < 0.01, * represents p < 0.05). 
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Figure 3.8 The changes of plasma lipids after the reaming procedures. 
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In plasma lipids, fatty acids with carbon chain C16 and C18 are the major components 
(Appendix 5; Table A.7, 8, 9). The changes of these fatty acids were analyzed. In the 
phospholipids, 16:0, 18:0, 18:1 (n-9) and 18:2 (n-6) increased during first two 
reaming procedures (Figure 3.9). In free fatty acids, 18:1 (n-9) increased markedly 
comparing with other fatty acids (Figure 3.10). In contrast, fatty acids in plasria 
triglycerides decreased after reaming procedures. (Figure 3.11). 
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Figure 3.11 The changes of plasma triglycerides. 
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3.4 The measurement of the pulmonary fat emboli 
Gas chromatography 
The pulmonary lipids were examined in 9 reamed goats and 3 unreamed goats. The 
unreamed goats were served as control group. The data showed that the free fatty 
acids and triglycerides increased significantly comparing with the control group 
(Table 3.5). The increments of phospholipids, free fatty acids and triglycerides were 
computed comparing the control goats. The results demonstrated that the triglycerides 
increased 349.7 % (p < 0.05) and free fatty acids increased 39.9 % (p < 0.05), only 
phospholipids remained unchanged (Figure 3.12). The relative proportions of the 
changed pulmonary lipids correlate to the concentration of the marrow lipids (Figures 
3.3). 
Table 3.5 The compositions of the pulmonary lipids 
Control goats Reaming goats Increment Significance 
(mg/g) (mg/g) W 
Phospholipids~~11.85 ±0.99 10 .66t l .86 -10.03 ±14.78 -
Free fatty acids 0.98土0.22 1.37±0.46 39.93 ±44.79 p < 0 . 0 5 
Triglycerides 0.10 ±0.06 0.45 士0.45 349.73 ±423.96 p < 0.05 
Note: “-” represents p > 0.05. 
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Figure 3.12 The increment ofthe pulmonary lipids 
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The fatty acid composition of the phospholipids, free fatty acids and triglycerides was 
analyzed (Table 3.6; 3.7; 3.8). The fatty acid component in free fatty acids and 
triglycerides increased comparing with the control group (Figure 3.14 and 3.15). The 
increase of triglycerides was larger than that of free fatty acids, however, the fatty acid 
composition of phospholipids were decreased marginally (Figure 3.13). The major 
fatty acid which increased in triglycerides was the 18:l(n-9). This result was similar to 
the major component in marrow triglycerides (Figure 3.7). 
Table 3.6 The composition ofthe pulmonary phospholipids 
Control group Reaming group Significance 
(mg/g) (mg/g) 
T ^ 3 .83i0 .59 3.59+0.79 -
16:1 (n-9) 0 .06i0 .01 0.07土0.03 -
16:1 (n-7) 0.20土0.04 0.19士0.05 -
18:0 1.72±0.30 1.42±0.34 -
18:1 (trans) 0.12士0.02 0.13 ±0.05 -
18:1 (n-9) 2.99 士0.24 2.78 土0.51 -
18:2 (n-6) 0.68±0.08 0.64土0.08 -
18:3 (n-3) 0.06±0.01 0.06±0.01 -
Note: “-’’ represents p > 0.05. 
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Table 3.7 The compositions of the pulmonary free fatty acids 
Control group Reaming group Significance 
(mg/g) (mg/g) 
T ^ 0.23 ±0.02 0.37±0.16 p < 0 . 0 5 ~ 
16:1 (n-9) 0.01 ±0.00 -
16:1 (n-7) 0 .01i0 .00 0.02土0.01 -
18:0 0.24±0,02 0.28土0.08 -
18:1 (trans) 0.01土0.00 0.02±0.01 -
18:1 (n-9) 0 .19i0 .01 0.31土0.13 p < 0 . 0 5 
18:2 (n-6) 0.06土0.01 0.09±0.04 -
18:3 (n-3) 0.01 ±0.00 -
Note: “-，’ represents p > 0.05. 
Table 3.8 The composition of the pulmonary triglycerides 
Control group Reaming group Significance 
(nig/g) (mg/g) 
T ^ 0.04 ±0.02 0.13 ±0.11 p = 0.0552 
16:1 (n-9) -
16:1 (11-7) -
18:0 0.03 土0.02 0.13 土0.12 p < 0.05 
18:1 (trans) 0.00士0.01 -
18:1 (n-9) 0.03士0.01 0.18土0.19 p < 0 . 0 5 
18:2 (n-6) -
18:3 (n-3) -
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Figure 3.15 The composition ofpulmonary triglycerides 
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Image analysis 
All sections of lung were stained with osmium tetroxide and examined using image 
analyzer. There were no fat emboli in the control group. However, all the reamed 
lungs were demonstrated with black round fat emboli. The size of fat emboli varied 
^ 0 
from 9 mm to 9,000 mm . Some of the large emboli were queued or clustered 
together (Figure 3.16). The distribution of the pulmonary fat emboli showed that the 
2 
majority of fat emboli was in the size of 100 - 499 mm . The concentrations of the fat 
2 
emboli were calculated as 1 2 numbers of emboli per 1 mm of pulmonary tissue, and 
1.3 parts of emboli's area per 1,000 parts of pulmonary tissue's area (Table 3.9). 
Table 3.9 The distributions of pulmonary fat emboli 
Distributions 
Fat emboli (< 99 ^ r n ) 17.5 % 
Fat emboli (100 - 499 ^im^) 36.7 % 
Fat emboli (500 - 999 ^im^) 16.7 % 
Fat emboli (>1000 ^im^) 29.1 % 
2 
No. o fFa t emboli in lung tissue (^o./mm ) 1.2 (0.4-2.1) 
Area of fat emboli in lung tissue (%o) 1.3 (0.2-4.4) 
5 0 
^ ^ ^0 
Figure 3.16 The presence of fat droplets in lung -
The tissue was stained with osmium tetroxide. Fat droplets were 
demonstrated in black round density which queued and clustered 
together. Original magnification x 35. 
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3.5 The relationship between the intramedullary pressure and 
plasma lipids and pulmonary fat intravasation 
The data were analyzed to investigate the relationship between the change of 
intramedullary pressures and the corresponding change of plasma lipids (Table 3.10)， 
and between the accumulated intramedullary pressure and the concentration of 
pulmonary fat emboli (Table 3.11). The results showed that the increase in plasma 
free fatty acids corresponded to the increase in the intramedullary pressure, but the 
change in plasma triglycerides did not correspond to the change in the intramedullary 
pressure (Figure 3.17). In the results of pulmonary fat emboli, goat-7 had a extremely 
high value of the emboli concentration (Table 3.11). If this value was ignored, the 
changes in pulmonary emboli were correlated well to the changes in intramedullary 
pressure. When the accumulated intramedullary pressure increased, the concentrati jn 
of the pulmonary fat emboli increased (Figure 3.18). 
Table 3.10 The change in plasma lipids after the reaming procedures 
Intramedullary Phospholipids Free fatty acids Triglycerides 
pressure (%) (%) (%) 
pTimHg) 
Preop 0 r ^ r00 1 ^ 
Awl 238±238 99±16 144 ±53 129士75 
Guide rod 3151211 107±14 148 ±65 117±76 
Reaming - 1 531±193 116±19 168 ±72 107土72 
Reaming - 2 270±113 108±16 205 ±127 100 ±81 
Reaming - 3 239±124 102±14 188士138 87士51 
Reaming - 4 212±121 101 ±17 197±161 84±48 
5 2 
Table 3.11 The relationship between the intramedullary pressure and 
Pulmonary fat emboli 
Accumulated IMP* Fat emboli in tissue** 
(lO^mmHg) (10_3) 
G o ^ Y n L05 
Goat-4 2.41 1.5 
Goat-6 3.78 1.94 
Goat-7 1.54 4.35# 
Goat-8 1.75 0.16 
Goat-9 1.99 0.42 
Goat-10 2.6 1.15 
Goat-11 2.55 1.39 
Goat-12 1.15 0.46 
Notes: * -- Represents the accumulated peaked values of the intramedullary pressuro 
during the reaming of the femoral canal. 
** -- Represents the one part area of the pulmonary fat emboli in 1000 part's 
area of the pulmonary tissue. 
# -- Indicates the outlier in the data set. 
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Chapter 4. Discussion 
4.1 The experimental design 
In order to simulate the in vivo operation and test the routine surgical instrumentation 
and techniques, goats were used as an animal model because the femur is big enough 
to use the routine surgical instruments. Another consideration was their low cost and 
docile nature. Although goats are ruminants, they may have a different lipid 
metabolism comparing with other mammals, this worry would be excluded by 
comparing the pre-operative value of the plasma lipids and the control value of 
pulmonary lipids. 
Reaming of intact long bones can create higher intramedullary pressures (Sturmer, 
1993) and release more fat content into the circulation than that of fractured bones 
(Manning et aL, 1983). The mechanism is that the fracture site can decompress the 
medullary cavity and allow the marrow contents to escape. In our clinical 
measurement of the intramedullary pressure of femoral fractures, the pressure 
increased only when the reamer head passed through the distal fragment, but the 
pressure was below 130 mmHg, therefore, the length of the intact diaphyseal bone is 
the contributing factor for the increase in intramedullary pressure. One objective of 
this study was to provoke maximum marrow fat intravasation. We designed, therefon；, 
to investigate the reaming effect of the intact femoral canal on the subsequ>mt 
pulmonary fat embolisation. 
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The rise of intramedullary pressure is also dependent on the pushing force and speed 
of the reamer (Muller, 1993). Therefore, the reaming was set at 0.5 cnVsec axial 
advancement and 800 rpm reaming speed. The intramedullary pressure was recorded 
using a pressure sensor, which was implanted from the lateral supracondylar region 
into the medullary canal. 
According to the sonographic results in a sheep model (Wosaseck et aL, 1994)，the 
average "latency period” before marrow fat passes into the right ventricle was 10 to 
20 seconds immediately after reaming procedure and lasted for several seconds，only 
one case was delayed to one minute after reaming. Blood samples were therefore 
taken from 10 seconds to 50 seconds after the reaming procedure. The site of blood 
sampling was selected in the inferior vena cava to avoid dilutional effect of oth';r 
venous flow in the right atrium. Furthermore, insertion of a central venous catheter is 
easier from the right jugular vein. 
For sampling pulmonary tissue, we examined the right middle lobe because the blood 
flow of the lung is distributed unevenly by the effect of gravity (Smith and Kampine, 
1990; Levick, 1991). The mean arterial pressure at the upper side of the lung is higher 
than that of lower side of the lung. The high pressure distends the thin-walled vessels 
lowering their resistance and thus increasing flow through the lower side (Levick, 
1991). This is an important point because the smaller sized fat emboli may pas.'i 
through the vessel in this region. In order to diminish this effect, the right middle l(.be 
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was selected as the site for examination of pulmonary fat embolisation because the 
goats were placed in left lateral recumbency for the reaming of the right femur. 
4.2 The change in the intramedullary pressures 
The changes in intramedullary pressures were similar to other previous studies 
(Sturmer, 1993; Wozaseck et al., 1994). The higher peak pressure was obtained in the 
first two reaming procedures. This effect decreased in the subsequent reaming. Apart 
from the axial force and rotational speed of the reamer, the viscosity of the marrow 
content appears to play an important role in the increase of the intramedullary 
pressure. The first reaming destroys the vascular structures of the medullary canal and 
expelled the viscous marrow fat out of the medullary cavity. After the insult of the 
first reaming, hemorrhage occurred and filled up the medullary cavity. The viscosity 
of the medullary canal was then decreased by filling with blood. When the second 
reaming was carried out before the blood coagulated, the mixture of marrow content 
and blood easily escaped from the grooves of the reamer head and the pressure 
increase was lower than that of the previous reaming. 
It has been suggested that high intramedullary pressure is an important risk factor for 
the development of fat embolism syndrome (KalIos et al., 1974). In order to prevent 
the rise of intramedullary pressure, a distal venting hole was used (Wenda et al., 
1990). However, this venting hole was ineffective due to the high viscosity of t^ie 
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medullary cavity contents. In a measurement of intramedullary pressure, the higher 
pressure values were recorded in the proximal fragment even though the fracture site 
acts as a large venting hole (Sturmer, 1993). Therefore, the local pressure generated 
by passing of the reamer head cannot be reduced by a more distal venting hole. 
An irrigation-suction technique was used to reduce the viscosity of the intramedullrjy 
cavity in a sheep model (Sturmer and Tammen, 1988). In this technique, a cannula 
guide rod is inserted distally into the medullary canal and an irrigation solution can 
then be introduced through the cannula. The solution is removed along with the 
medullary contents and bone debris during the entire reaming process by means of a 
proximal suction device. For the irrigation-suction method, there were no cases of 
nonphysiological pressure values, but rather continuously negative pressures were 
measured (Sturmer and Tammen, 1988). This technique was used in patients during 
cemented hemiarthroplasty (Christie et al., 1995). In this study, transoesophageal 
echocardiography was used to monitor the echogenic embolic response in a thorou'^ 
lavage group and a minimal lavage group. The thorough lavage group had less of the 
embolic response comparing to the minimal lavage group. Both groups of patients had 
no clinical sign of fat embolism. However, a disadvantage of this method is the loss of 
the reaming haematoma at the fracture site which may lead to a delay in callus 
formation. Furthermore, this method can cause unnecessary bleeding. 
Unreamed intramedullary nailing demonstrated that the local damage of the blood 
supply was less than reamed intramedullary nailing in a canine model (Klein et al., 
1990). However, this technique cannot prevent the intramedullary pressure rise 
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because the advancing unreamed nail acts as a piston in the intramedullary canal. The 
marrow contents can still be intravasated into the systemic circulation. Using an 
intravascular ultrasound monitor in a sheep model, it was proved that unreamed 
nailing creates more embolic phenomena than reamed nailing (Diiwelius et al., 1997). 
To avoid the rise of intramedullary pressure and marrow contents intravasation, it is 
very important to improve the surgical instruments and surgical techniques. The n';w 
design of the reamer with sharp cutting fins and deep flutes is an alternative to prevent 
the rise of the intramedullary pressure. It still needs further studies and improvements. 
4.3 The application of gas chromatography 
Fat emboli appear in practically every patient with long bone fractures, but their 
concentration in the blood varies during the postraumatic period. There are many 
methods for the measurement of fat intravasation. THese methods mainly includ2d 
histomorphologic detection of fat globules, histochemical measurement of plasma 
triglycerides and sonographic monitoring of embolic material. 
Histomorphologic detection of fat globules in the blood is the commonest laboratory 
diagnosis. It is achieved by testing for circulating fat droplets which are trapped in a 
blood clot after blood sampling and coagulation. Fat emboli can be demonstrated by 
cryostat frozen section of a blood clot stained with Oil Red 0 (Huaman, 1974; Lahiri 
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and ZiiWallack, 1977; Teng et al., 1995). However, The positive finding of fat droplet 
in samples were low, about 12 % (Huaman, 1971) and 52.5 % (Chan et aL, 1984). 
They were probably due to the low concentration of fat emboli in blood. 
In order to overcome this problem, a minipore microfilter was used to capture the fat 
emboli in the serum (Gurd, 1970). A higher incidences of peripheral blood 
globulinemia was then found in traumatized patients and even in healthy contrcls. 
Thus, this method was regarded as of little diagnostic significance (Lahiri and 
ZuWallack, 1977). 
Fat droplets can also be counted in plasma stained with Oil Red 0 using light 
microscopy (Huaman, 1974) or stained with sulphate of Nile blue using fluorescence 
microscopy (Kroupa, 1986)，but it was easily interfered with by platelets and 
chylomicrons. This method cannot be regarded with much diagnostic significance 
either. 
The chemical spectrophotometric assay for the detection of plasma trglycerides was 
used to indicate the marrow release after intramedullary reaming and nailing. 
Triglycerides increased after reaming of intact femurs in a canine model (Manning et 
al .，1983) and in a sheep model (Pape et al.，1992). It probably revealed that the main 
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constituent of emboli is triglycerides, but cannot proved that the emboli were from the 
marrow contents. 
Recently, The technique of echocardiography was used to detect fat emboli during 
osteosynthesis or hemiarthroplasty. Fat embolic showers were demonstrated in the 
right heart during and after reaming of the intramedullary canal (Pell et al., 1993; 
Wozasek et al., 1994; Christie et al,, 1995). The appearance of emboli in the heart war； 
related the manipulation of the fracture and reaming of the intramedullary canal It 
was therefore reasonable to assume that the material originated from the fracture site 
or the adjacent soft tissues (Pell et al., 1993). However, The accuracy of this technique 
depends on the resolution of the echocardiographic probe. Some of the small sized 
emboli may not be observed during the measurement. The origin of the emboli cannot 
be simply considered to be from the bone marrow cavity only. 
In the previous studies, the documented data may not give detailed information from 
the biochemical point of view. Since we have previously analyzed the bone marrow 
contents using gas chromatography, triglycerides are the major component of bo,ie 
marrow lipids, followed by phospholipids and free fatty acids. We therefore 
postulated that the intravasated fats would have a similar composition of marrow 
lipids. 
The technique of gas chromatography was first described in the 1950s by James and 
Martin and is the most valuable for the separation of the aliphatic components of 
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lipids (Christie, 1989). It is a form of partition chromatography in which the mobile 
phase is a gas and the stationary phase is a liquid. A sample is injected into the gas 
phase where it is volatilised and passed onto the liquid phase, which is held in some 
form in a column; components spend different times in the mobile phase and the 
stationary phase, depending on their relative affinities for the latter and emerge from 
the end of the column exhibiting peaks of concentration. These peaks are detected by 
some means which converts the concentration of the component in the gas phase into 
an electrical signal. The signal is amplified and passed to a continuous recorder, so 
that the progress of the separation can be monitored and quantified. Therefore, th^ 
technique of gas chromatography is an alternative for the detection of fat emboli in .he 
plasma and pulmonary tissue. This is a new approach to the study of fat emboli in the 
plasma and pulmonary tissue. 
4.4 The composition ofbone marrow lipids 
There was no relevant information on the composition of goat's marrow fat in the 
literature. The reason to determine the profile of the marrow fat is based on the 
common belief that the source of the fat emboli is the marrow content (Johnson and 
Lucas, 1996). If the marrow fats physically entered into the circulation, it would be 
logical to consider the changes of the plasma and pulmonary lipids will correlate to 
the marrow composition. On the other hand, the major increased component in the 
plasma and pulmonary tissue will be the major component of the marrow content. 
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In this study, the major component of the marrow lipids is triglycerides (92 °/a), 
followed by phospholipids (6 %) and free fatty acids (2 %). The concentrations of free 
fatty acids are low in bone marrow. The concentrations of phospholipids are also low 
because they are the main constituent of cell membranes. However, triglycerides are 
synthesized and stored in the adipocyctes. These adipocytes may be almost entirely 
filled with fat globules, whereas other types of cells have only a few droplets of fat 
dispersed in their cytosol. Therefore, the concentrations of triglycerides are relatively 
high in the marrow contents. Our results showed that the majority of fatty acids in 
marrow triglycerides are oleic acid (18:1 n-9) (46.7 %), stearic acid (18:0) (21.5 %) 
and palmitic acid (16:0) (20.5 %). The results support the theory that in animals the 
predominant fatty acid residues are those of the C16 and C18 species (Voet, D. and 
Voet J. G.，1990). 
4.5 The changes of plasma lipids 
In the metabolism of lipids, triglycerides are transported in the blood as chylomicrons 
and very low density lipoproteins (VLDL). The chylomicrons and VLDL are 
hydrolyzed in the capillaries of peripheral tissue through the action of lipoproteiii 
lipase within minutes after entering the blood stream (Voet D. and Voet J. G., 19S0). 
This metabolism is controlled by their apolipoproteins, specific receptors, enzymes 
and transfer protein (Sandhofer, 1994). During physiological conditions, the 
hydrolysis oftriglycerides is also regulated by a fatty acid feedback system (Karpe et 
al., 1992). 
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However, this regulation could be interrupted when the physiological conditions .'ire 
changed. The activity of lipoprotein lipase and amount of plasma free fatty acids 
increased in rabbits after inducing pulmonary fat embolisation (Xue and Zhang, 
1992). The serum lipase was also found positive in patients after traumatic injury 
(Chan et al., 1984). During exercise in human, the plasma free fatty acids increased 
gradually, whereas the plasma triglycerides decreased (Mougios et al., 1995). Increase 
of plasma free fatty acids and decrease of plasma triglycerides can occurred 5 minutes 
after the dorsomedial hypothalamic nucleus was stimulated by norepinephrine or 
epinephrine in rat model (Zaia et al.，1997). On the other hand, in a comparative study 
for removal of intravenous lipid emulsions and chylomicrons in rat model, the 
triglycerides were hydrolyzed less rapidly from the emulsion than from the 
chylomicrons (Hultin et al., 1995). 
Furthermore, plasma triglycerides increased after the reaming of the femoral 
medullary canal in the femoral vein of canine model (Manning et al.，1983) and in the 
pulmonary artery of sheep model (Pape et al., 1992). These positive findings 
supported the hypothesis that the increases of plasma triglycerides are related to the 
reaming of intramedullary canal. The increase of plasma free fatty acids were found in 
patients with long bone fracture comparing to the normal fasting subjects and patien1s 
who suffer from soft tissue injury, and therefore, it was suggested that the free fc.tty 
acids were derived from hydrolysis of triglyceride emboli (Schnaid et al.，1987). 
However, this study did not measure plasma triglycerides simultaneously. 
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In the present study, plasma triglycerides, free fatty acids and phospholipids were 
investigated. The plasma free fatty acids increased after reaming of intramedullan' 
canal, but the triglycerides decreased in the subsequent reaming procedures (Table 
3.4). We believe that this phenomenon involved enzymatic reaction. The intravasated 
marrow contents may trigger the enzymatic system leading an enhancement in the 
activity of lipoprotein lipase which hydrolyze the chylomicrons and VLDL. The 
plasma triglycerides were therefore decreased and plasma free fatty acids were 
increased. However, when the marrow fats entered into the circulation, they did not 
exist as chylomicrons and VLDL, therefore, they cannot be hydrolyzed immediately 
in the bloodstream. Wlien the marrow fats passed through the inferior vena cava into 
the pulmonary artery, they were diluted in the circulation. It could explain the low 
concentration of plasma triglycerides. 
Generally, the marrow content contains most of the triglycerides which are larger size 
molecules with a water insoluble property. They travelled into pulmonary artery and 
were then trapped in the pulmonary capillaries (Figure'3.4). In contrast, the free fatty 
acids are smaller size molecules which are bound to albumin in the blood with a water 
soluble property, which can easily pass through the pulmonary capillaries and 
circulate in the blood stream for longer periods. Therefore, free fatty acids are 
detected in systemic circulation. 
The concentration of plasma phospholipids increased after the first reaming, but tnis 
effect decreased in the latter procedures. However, this effect is not significant 
compared whith that of the free fatty acids. 
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4.6 The pulmonary fat emboIisation 
Echocardiography was used in detection of marrow fat intravasation, the embolic 
shower can be detected in 97 out of 111 operations in patients (Christie et al., 1995) 
and in all cases in the sheep model (Wozasek et al., 1994)，therefore the embolic 
shower was regarded to relate the intramedullary reaming. 
To investigate the origin of fat emboli, l'^' labeled triolein was injected into rabbit 
tibia and found that it was sequestered rapidly by the lung (WIiitenack and 
Hausberger, 1971). However, this method cannot prove that the natural marrow faty 
entered into the pulmonary circulation. 
In the present study, fat droplets were demonstrated in all the lung samples of the 
reamed goats (Table A.13). The concentration of triglycerides and free fatty acids 
increased in the reamed goats as well (p < 0.05). The increments of the triglycerides 
and free fatty acids corresponded to their proportions in the marrow lipids (Figure 
3.12 and Figure 3.3). The major fatty acid in triglycerides was changed from 16:0 to 
18:1 (n-9) after the reaming procedures (Table 3.15). The increments of fatty acids 
were 18:1 (n-9) (0.16 mg/g), 18:0 (0.10 mg/g), and 16:0 (0.08 mg/g). The results wer.^  
proportionally similar to that of marrow triglycerides [18:1 (n-9) (180.3 mg/g), l'j:0 
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(81.3 mg/g) and 16:0 (77.7 mg/g)]. Therefore, the origin of pulmonary emboli from 
the bone marrow lipids is possible. 
The increase in the free fatty acid concentrations can represent the processes for the 
hydrolysis of triglycerides, which already exists in the pulmonary tissue. The results 
support the hypothesis that when the marrow fats were trapped in the pulmonary 
capillaries, the pulmonary parenchymal cell response is to release lipase which 
hydrolyzes the triglycerides into the free fatty acids and glycerol (Peltier, 1967). In the 
pathogenesis of fat embolism syndrome, the free fatty acids were supposed to act as 
an inflammatory factor to the pulmonary tissue (Baker et al., 1971). On the other 
hand, phagocytosis of fat droplets by macrophages in lung was seen in patients 24 
hours after trauma (Benzer et al., 1994)，and also seen in dogs 48 hours after 
intravenous fat injection (Teng et al., 1995). These results can indicate that thi 
clearance of fat emboli could be through the hydrolysis by lipase and phagocytosis by 
macrophages in the pulmonary tissue. 
The relationship between the intramedullary pressure and pulmonary fat embolisation 
was investigated with various methods. It was suggested that the rise of 
intramedullary pressure is the cause of the pulmonary fat embolisation (Manning et 
al., 1983; Pape et aL, 1992; Wozasek et al., 1994; Christie et al., 1995). Those studies, 
however, did not measure either the rise of intramedullary pressures or the severity of 
pulmonary fat embolisation. In the present study, the accumulated intramedullary 
pressures and the concentrations of pulmonary fat emboli are quantified. T‘ie 
investigation showed that the increases in accumulated pressures correlate to the 
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severity of the pulmonary fat embolisation. It implied that careless surgical technique 
could increase the risk of the pulmonary fat embolism. The improvement of surgical 
technique and instrumentation would be the ways to minimize this adverse effect. 
Our study also showed that reaming of intramedullary canal produced pulmonary .at 
embolisation with a fat emboli concentration of 1.2 (0.4 - 2.1) number/mm^ (Table 
2 
3.9). These results are much lower than 30.5 (2.9 - 89.4) number/mm in victims of 
traffic accidents reported by Bunai and coworkers (1988). It would imply that reaming 
of intramedullary cavity and may not produce enough fat emboli and may not be 
detrimental to pulmonary function. This may explain the clinical observation that the 
incidence of fat embolism syndrome after intramedullary fixation is much lower than 
the occurrence of marrow fat intravasation. 
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Chapter 4. Conclusion 
Reaming of the intramedullary canal is a common operative technique in orthopaedic 
practice. This technique can increase the intramedullary pressure and was thought to 
be a cause of pulmonary fat embolism. However, the relationship between the 
intramedullary pressure and severity of the pulmonary fat embolisation was not fu'.ly 
understood. We believe that the origin of the fat emboli is from the marrow fat. The 
release of the marrow fat is proportional to the increase of intramedullary pressure. 
This study supported our hypothesis that higher intramedullary can create more 
marrow fat embolisation. It may have clinical significance during the routine 
orthopaedic operations. This study extends our understanding in the biochemistry 
point of view. The details of the profile of bone marrow lipids, plasma lipids and 
pulmonary lipids can give us insight into the orientation of further research. The 
essential contributions of this study are summarized in the following. 
1. The pulmonary fat emboli were analyzed to be from the bone marrow. In the 
pulmonary tissue, the concentration of triglycerides increased after reaming of the 
femoral medullary canal. The proportional increment of the pulmonary triglycerides 
matched its relative proportion in the marrow lipids. The major fatty acid of the 
pulmonary triglycerides is the oleic acid (18:1 n-9) which corresponds to that of the 
bone marrow triglycerides. This finding supports the theory that the pulmonary fat 
emboli come from the bone marrow content. It also gives iis some hints for both 
further research and clinical treatment. 
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2. The relationship between the rise of the intramedullary pressure and pulmonary fat 
embolisation is established in the present study. This finding can guide orthopaedic 
surgeons to improve the surgical technique and instrumentation design. Avoiding 
unnecessary reaming can prevent more fat emboli into the circulation. Our finding is a 
quantitative documentation which strongly supports that higher intramedullan 
pressure will generate more fat emboli in pulmonary tissue simultaneously. 
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Chapter 5. Further direction on this study 
The pathway of the bone marrow lipids into the blood circulation is different from that 
of the dietary lipids. Dietary lipids are digested at the lipid-water interface by 
pancreatic digestive enzymes such as lipase and phospholipase A � that are active at 
the lipid-water interface of bile acid-stabilized emulsions. Bile acids are essential for 
the intestinal absorption of dietary lipids. Dietary triglycerides and those synthesized 
by the liver are transported in the blood as chylomicrons and VLDL. Triglycerides 
‘ present in these lipoproteins are hydrolyzed by lipoprotein lipase outside the cell and 
enter them as free fatty acids. Fatty acids resulting from hydrolysis of adipose tissue 
triglycerides by hormone-sensitive lipase are transported in the bloodstream as fatty 
acid-albumin complexes. Since our finding that the concentration of plasma free fatty 
acids increased and plasma triglycerides decreased after reaming of the intramedullary 
canal, it would be possible that the lipoprotein lipase was activated when the marrow 
contents entered into the circulation. Therefore, the activity of lipoprotein lipase will 
deserve flirther study. ‘ 
The relationship between intramedullary pressure and pulmonary fat embolisation 
indicates that the rise of intramedullary pressure is an important factor in the 
prevention of pulmonary fat embolism. The surgical technique and reamer design will 
contribute to the increase of intramedullary pressure. We will focus on what 
magnitude of pressure can cause the fat intravasation and what type of instrument 
design can reduce this adverse effect. Therefore, the force monitors for the reaming 
technique and new designs for the reamer are further objectives of the studies. 
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The threshold level of pulmonary fat emboli is an important factor in the development 
o f fa t embolism syndrome. In the further study, we will investigate the threshold value 
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Appendix 1. The operation of the IM Press device 
After the pressure sensor was installed inside the medullary canal, the standird 
operative procedures are carried out as following. 
1. Connect the sensor cable to the IM Press main device as input cable for the 
pressure signal. 
2. Connect a voltmeter into the main device, the voltmeter is set at range 200 m V 
DC. 
3. Switch on the main device. 
4. Read the value of the sensor signal on the display of the voltmeter. 
5. Adjust the sensor signal via potentiometer to 0.00 mV CD. 
6. Wait until the main device carries out the zero adjust and shows 1000 on the 
display. 
7. Connect the output cable of the main device to a laptop computer. 
8. Switch the computer and get on the Forcemed program. 
9. Input the patient particulars into the program. 
10. Select the duration time for each measurement at 1 minute and sampling rate at 
10 per second. 
11. Assign a name for a measurement on a command field ofthe computer. 
12. Type "r" and enter vvhen start to measure the intramedullary pressure. 
13. The measurement will automatically stop within 1 minute. 
14. Repeat the steps 11 -13 for next measurement. 
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Appendix 2. The calibration of the IM Press 
The IM Press is a new design for the measurement of intramedullary pressure. T.ie 
measuring range and its recording software are suitable for the intra-operative 
measurement. In order to test the accuracy of the measurement, we performed the 
calibration using a manometer regularly. The testing range was from 0 to 1,200 
mmHg (Figure A2). The method of calibration is listed in the following. 
1. Connect the pressure sensor into mercury manometer via a 3-way stopcock. 
2. Connect the sensor cable on the IM Press main device. 
3. Connect the output cable of the main device to computer and adjust the signal on 
the display as 1000 (see appendix 1). 
4. The other port of the 3 way stopcock is connected with a 50 ml syringe which is 
filled up of 50 ml saline. 
5. Empty the air bobble in the camber between the manometer, syringe and pressure 
sensor. -
6. Inject the saline into the manometer until an expected value (mmHg). 
7. Tum off the valve of the syringe side and the connection between the manometer 
and pressure sensor is then opened. 
8. The camber remains a stable pressure which can be read both on the manometer 
and on the computer. 
9. The values on manometer represent the actual pressure of the camber. The values 
on the computer represent the recording value of IM Press. 
10. Repeat the steps 6-9, the serials of data are recorded and are then analyzed. 
8 5 
>^2:,�J f r6^ vy\A«oyn<.^ /^' 
Y f^luil'^ j r^»t». \ H . p^eu \^^^^^ 
1 V)eo— -, 
、f Sx\.'^ ?. , 
^ 0 & 「「 ； 
产 _ _ , > — 
\ ir^ ； 
、 — — ^ ^ ^ ^ ^ > = ^ ^ ^ = ¾ •； 
二 一 ^ ^ 
Figure A.1 A schematic diagram for the calibration ofIM Press. 
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The results from the IM Press and manometer were recorded. The correlation between 
the IM Press and manometer was calculated (r == 0.99). One of the testing results is 
illustrated below (Figure A2). 
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Figure A.2 The correlation between the pressure reading from the IM Press and 
mercury manometer 
8 8 
Appendix 3. The preparation of the internal standards for lipids 
analysis 
In order to compute the absolutely value of the individual fatty acids components and 
total amount of the each lipid, odd chain fatty acids are needed to add into each 
sample. This odd chain fatty acids are called internal standards. The preparations of 
the internal standards are as following. 
1. Internal standard for phospholipids 
100 mg of L-a-phosphatidylcholiiie diheptadecanoyl (C17:0) were weighted out and 
were then put into a 100 ml flask. Add chloroformAnethanol (2:1 vol./vol.) into the 
flask until the level of 100 ml marker. The final internal standard solution for 
phospholipids was 1 mg/ml. 
2. Internal standard for free fatty acids 
20 mg of methyl heptadecanoate (C17:0) were weighted out and were then put into a 
100 ml flask. Add chloroform/methanol (2:1 vol./vol.) into the flask until the level of 
100 ml marker. The internal final standard solution for free fatty acids was 0.2 mg/ml. 
3. Internal standard for triglycerides 
8 9 
10 mg of triheptadecanoin (C17:0) were weighted out and were then put into a 100 ml 
flask. Add chloroformAnethanol (2:1 voL/vol.) into the flask until the level of 100 ml 
marker. The final intemal standard solution for triglycerides was 0.1 mg/ml. 
9 0 
Appendix 4. The composition of the bone marrow lipids 
12 goats were used to analyze the bone marrow lipids compositions using gas 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 5. The composition of plasma lipids 
All of the reamed goats were used to analyze the fatty acids components of the lipids. 
The total amounts of plasma lipids are listed in Tables A.4, A.5 and A.5. The changes 
of their fatty acids are listed in Tables A.7, A.8 and A.9. 
Table A.4 The total amount ofpIasma phospholipids 
Pre- Awl Guide wire Reaming Reaming Reaming Reaming 
operative insertion insertion -1 -2 -3 -4 
Goat-1 754.22 566.93 852.10 871.98~~~856.62~~~636.73”738.81 
Goat-2 612.15 568.04 705.02 794.90 734.08 659.50 691.48 
Goat-3 411.94 544.70 587.39 701.84 523.91 498.26 542.29 
Goat-4 338.17 362.74 370.89 371.38 404.88 402.26 383.79 
Goat-5 309.60 275.28 292.75 366.48 362.41 355.72 351.76 
Goat-6 419.43 378.40 370.76 423.31 351.76 351.76 357.20 
Goat-7 594.76 611.42 722.67 741.68 715.64 717.58 
Goat-8 675.10 664.50 674.96 ' 658.27 664.62 639.99 
Goat-9 364.02 291.43 367.28 369.86 383.15 356.98 280.54 
Goat-10 411.29 499.29 410.98 426.56 334.94 364.31 394.46 
GoaMl 369.21 389.53 375.41 464.53 346.60 333.84 288.26 
GoaM2 529.37 520.09 575.13 546.09 542.04 549.04 533.33 
The values are expressed as mg per 1 mg of marrow content. 
9 5 
Table A.5 The total amount of plasma free fatty acids 
Pre- Awl Guide wire Reaming Reaming Reaming Reamir . 
operative insertion insertion -1 -2 -3 g 
-4 
Goat-1 165.01 ~ " 2 4 1 . 3 5 225.87 4 3 0 . 7 5 ~ ~ 5 8 3 . 2 6 ~ 4 2 7 ^ 5 ~ 6 1 1 . 8 3 
Goat-2 76.01 145.40 155.80 181.37 178.64 183.44 175.41 
Goat-3 60.08 87.85 118.08 114.98 116.90 119.61 114.56 
Goat-4 9.68 24.58 27.17 26.15 51.56 55.94 61.68 
Goat-5 161.22 118.16 129.04 116.42 96.66 104.87 101.64 
Goat-6 177.08 150.98 150.66 149.86 126.55 126.55 127.34 
Goat-7 87.65 164.97 207.27 184.85 173.04 150.97 
Goat-8 79.67 113.16 114.01 114.32 112.32 108.49 
Goat-9 112.25 90.35 93.72 98.14 110.41 101.56 109.57 
Goat-10 126.65 134.34 131.97 128.06 126.82 135.19 128.44 
Goat-11 51.11 73.92 82.44 91.45 89.30 83.65 78.31 
Goat-12 60.70 104.12 94.22 95.03 94.59 89.60 88.51 
The values are expressed as mg per 1 mg of marrow content. 
9 6 
Table A.6 The total amount of plasma triglycerides 
Pre- Awl Guide wire Reaming Reaming Reaming Reamir.g 
operative insertion insertion -1 -2 -3 -4 
Goat-1 36.90 S l ^ 100.69 9 ^ n 3 ^ 0 2 ~ 5 H 6 4 ^ 5 ~ 
Goat-2 65.37 103.77 117.78 121.95 109.98 95.38 103.34 
Goat-3 19.27 35.99 23.18 15.08 14.18 12.06 14.78 
Goat-4 29.73 61.05 61.16 61.18 53.57 53.13 42.15 
Goat-5 51.42 46.01 53.38 59.03 49.37 56.81 59.30 
Goat-6 30.05 71.87 15.60 19.28 17.26 17.26 15.53 
Goat-7 194.19 63.41 49.23 64.97 59.19 50.53 
Goat-8 55.39 20.53 15.28 9.58 10.30 9.31 
Goat-9 9.48 8.56 8.55 7.24 6.61 6.08 4.73 
Goat-10 17.48 25.72 19.47 15.58 13.59 14.49 16.04 
Goat-11 22.31 11.48 12.61 13.21 8.48 8.01 7.35 
Goat-12 159.51 136.22 165.81 168.36 174.94 189.24 178.95 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 6. The composition of pulmonary lipids 
All reamed and unreamed goats were used to analysis the concentrations of 
pulmonary phospholipids, free fatty acids and triglycerides. The results are listed as 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 7. The measurement of the pulmonary fat emboli 
The measurement of pulmonary fat emboli was carried out in 12 reamed goats and 3 
unreamed goats using the image analyzer. The unreamed goats have not been found 
any fat emboli in the pulmonary tissue. In the contrast, all of the reamed goats were 
found various degrees of fat emboli in the tissue (Table A.I3). 
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